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Kuo Sheng Reactor Neutrino Laboratory

Kuo-Sheng Nuclear Power Station : Reactor Building
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v-Nuclei Coherent Scattering [goal] [PRD2016]
sub-keV ULGe, PCGe
Dark Matter Searches at KSNL [PRD09,PRL13,AP14]

TEXONO Physics Program :
interactions by neutrino at reactor

u = 10"
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SM : NSI/IBSM
v_-e scattering with 200 kg Csl

[PRD10,PRD10,PRD12]

— |8y 1=107"

Neutrino Magnetic Moment
v_-e scattering with 1 kg HPGe
T~ [PRL03,PRD05,PRD07,PRD15]

Neutrino milli-charge
v_- Awith sub-keV ULEGe, PCGe
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at CDEX(CJPL) [PRD13,PRD14,PRD14,PRD16]
Axion at CJPL [PRD17]




WIMP-Nucleon Cross Section [em?|

Ge detector & sub-keV challenge

mass ~1kg : threshold ~fewX100 eV : bgk ~few cpkkd

Neutrino physics at sub-keV :  Near threshold :

energy spectrum : noise leakage.
pulse : noise comparable to signal.

* Quenching Factors : not well measured

Energy Calibration :

non-linearity of energy definition.

* Trigger Efficiencies near threshold :
noise survive hardware threshold.

* Physics vs. Noise : PSD, eff.

* Bulk vs. Surface : algorithms,

neutrino electro-magnetic
properties, vN-coherent scattering

Low-mass ( ~10 Gev) WIMP Search.

Allow Low Threshold
Measurements(~100eV)
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= \\ - bulk-efficiency and surface-leakage
O\ at low energy.
il Q.= « Background understanding :
3 / contributions from background
o S 5 and cosmic-induced isotopes at
R L S T low energy.

WIMP Mass [GeV/c?]
DM Sl-excursion plot



Special feature of PCGe : Bulk/Surface
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Neutrino interaction with atoms

u?

highenergy: . +e — v, + e
neutrino-photon coupling : 8
non-standard model

when transfer energy < binding energy

ofe, Ve+A—>v.+ AT +e "y
MCRRPA: Multi Configuration Relativistic LPhys. Rev. D _91, 013005, 2015. |
Random Phase Approximation 5 Ge photo Absorption

* MCRRPA describes well Ge

response function up to 80 eV <. | Exp. data: Ge solid

* Above 80eV Ge-crystal can 10 Theory: Ge atom (gas)
treated as atom-like 5 MCRRPA

* Below 80eV condense state
should considered.

* Above 80 eV, error <5 %

(Mb)

G,

Rel. Diff. (%)




Neutrino milli-charge

free electron :
dJ5Q :52 27T(1{gm 1
dl' ) w2 me | T?
Atomic lonization Differential Cross-Section

with full atomic physics many-body “MCRRPA"

cglculation enhancement at sub-keV.
107

[y = nyu + ...

Vv f, : neutrino milli-charge

best-fit results on 0.5 kg PCGe >

threshold = 300 eV |Phys. Rev. D 91,012005, 2015. |“"F ™  _  ~~
10 > 107
8 E_ MCRRPA-Best-fit 20 region i 3 %

E‘ : f_ 10«3010__1 | 10 10?

s F nergy (keV)

;- / P positive sighals : known KI/L ratio
°F (different from cosmic-activation
S0 % % iz electron-capture background)

Energy (keV)
- 0,<2.1x 101%e at90 % C. L. - goal 5, ~ 10"%e at 100 eV threshold
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Sterile Neutrino Magnetic Moment

In Radiative Decay /,, Vs — V,+"Y

Under the assumption of sterile neutrino as cold dark

matter, following parameters are adopted,
* Dark matter density = 0.4 GeVcm=3,
* Maxwellian velocity distribution with

« mean velocity = 220.0 km/sand V.=

533 km/s

10"

Phys. Rev. D 93, 093012, 2016.

10" Excluded Region

10-lssuggested by 3.5 keV line in
X-ray spectra [Phys. Rev. Lett. 113, 25(1301]
Hv,, = 2.9 x 10,
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VN coherent scattering

v+A—V+A : Never been experimental observed.

do G% .9 2 myTn
¥ = SF [(1 - asin’ew) — N] [1_ 2}32]

Neutral current process.
o « N* for E,<50MeV (Coherent)

sensitive probe for BSM V lonization:
reactor monitoring V 4 Bolometer

. . TeO,, Ge, CaWO, ...
important process in stellar )

Scintillation:

nucleus Nal(Tl), LXe ..

collapse & supernova explosio recoil
for reactor neutrino on Ge, T, ~ 2 keV

T ~500eV (Q.F.~0.2)



VN coherent scattering

Partial coherency: when wavelength < nucleus-size

The cross-section ratio between nucleus and neutron & partial-coherency and full-coherency :

JVAez(Z: N)
JVAE!(O’ 1)

TyAe (a)
: OvA, (a=1)

= Ze*[1 +a(Z -

—a+(1-a)|

(EQZ—I—N)]
(eZ — N)?

Phys. Rev. D 93, 113006, 2016.
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VN coherent scattering

estimated events rate at KSNL

L F \4 physicsinoise  current

£ 0 N sensitivities

El N (Ge at KSNL)

f= <

S best Ge at-CJPL 3

% - / \4\‘{
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L \ integral spectrum

[

%‘ 'E \\,

3 current status

.EE 10! E *

= =

8 1qr2; \M“““k

integral events rate(with e

nergy resolution) :

6.6 count day* kg™ at 100 eV threshold
0.59 count day* kg* at 200 eV threshold

Improvements (plan) :
« background :

cosmic correction,

B/S correction,

known sources,
understanding (simulation).

e phys/noise :

hardware improvement :
cooling, electronic.
PSD, noise-simulation.

3000

raw spectrum

€&—— clectronic noise
—‘ background

ol [Ty e ——

0.3 0.4 0.5
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Energy (keV)
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CDEX-1 Dark Matter Search

[ PRD 93 092003 (2016)] i AT }
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Fiducial mass : 915 g, Analysis threshold ~ 475 eV
Q.F. adopted by TRIM software with 10% systematic uncertainty



CDEX-1 : Axion

Phys. Rev. D 95, 052006, 2017.

M1 transition from *’Fe from Sun: *Fe*-°"Fe+a [g,,] a e
. RN
axion(a) from sun [g, ] . ~
T — - - -
Compton(C): y+e—e+a R e
bremss!rah_lung(B): e+Q-e+Q+a Axioelectric
recombination(R): e+l-I"+a or Photoelectric-like
de-excitaion(D): I*~l+a galatical axion(DM) : axioelectric
10 X102 I detection : a+e+Z—e+Z
107, 30k ’§ i
N, ) DAL WEISS ' 2 10710 =
B N2, p s nllelleleleleleleleleleltely s B -
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axion mass (keV)

Competitive results for DM axion below the axion mass of 1 keV.



* Test of cryogenic system has been done and
shipped to CJPL in March 2016.

* A germanium array with LN in cryogenic
system is commissioning.

* The performance of LAr is under study.

Inner copper tank .

74 1

| ) I ~9 kg of PCGe
== S
4 :1.5 T of LN/LAr

. 2
]

3 kg + 3 kg prototype: ready to take data, threshold < 250 eV



CDEX-1 : status & plans

Dead layer ~ 1 mm

Ph S|CS I'eSU|tS . l Point-contact p* e]ectrode *- _‘ ___,
* DM results . £

e axion results

: E
* DM annual modulation (plan) S ¥ Active volume E
Analysis . Bulk event

* new B/S method
* dead layer measurement
* background understanding: experiment and simulation

Detector R&D :

* homemade Ge crystal

* detector fabrication

* low background electronics
* homemade electroformed Cu material (plan for undergrounc
. I|qU|d -N for shleldlng and coollng




CJPL-II : construction & Ge-1t (plan)

Four 14m*14m*130m Lab. Halls

Ventilation and escape silo

Diversion tunnel

Laboratory

Access tunnel 2# Auxiliary guide tunnel

1# Auxiliary guide tunnel Construction drainage tunnel

CJPL-I CJPL-II
Rock Work 4100 m3 210000+151000m?
Electric Power 70x2 kVA  10x2 MVA
Fresh Air 2400 m3/h  15000x3 m3/h

. mEs B IS ===
mms ! QE= =
o

= m-——=

* plan : Ge-1t °Ge double bef

* CJPL-Il : a candidate site for LEGEND (Ge 1-ton)

* DM search : Sensitive in the range of 10GeV, ~104c
(based on 100eV, 0.01cpkkd, 1 ton-yr)



summary

* sub-keV Ge R&D and ongoing plan :
Backgrond understanding.
Detector properties near noise edge.
Noise simulation.
B/S calibration schemes.
* Neutrino at KSNL.:
Neutrino-atoms interaction : MCRRPA.
Results on neutrino electromagnetic properties.
goal : VN coherent scattering, ~100 eV threshold & ~ cpkkd.
* Dark Matter Searches at CJPL.:
Competitive results on light WIMPs with sub-keV Ge.
CDEX-1 Axion results (competitive for DM-axion at sub-keV mass).
1-ton for OvBR at CJPL-II ?

Thank you
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=\ TEXONO /&

TEXONO Collaboration

TEXONO Taiwan EXperiment On NeutrinO (since 1997)
Neutrino Physics at Kuo-Sheng Reactor Neutrino Laboratory (KSNL)
* Taiwan (AS, INER, KSNPS)
* Turkey (METU, DEU)
* India (BHU)
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Partner : CDEX Collaboration

CDEX China Dark Matter Experiment (birth 2009) CJPLA—
Dark Matter Searches at China Jin-Ping Underground Laboratory (CJPL)
* China (THU, CIAE, NKU,
SCU,YLJHD)
* Ge as primary detector.
* same detector technique, I.
phys/noise seperation. |

lonization:
X Ge, Si

Bolometer:
TeO,, Ge, Ca'h"«r'o4

Scintillation:
nucleus
recoil Nal(T1), LXe ...

23



Various Ge detectors

p- PCGe
[~ 1kg]

I >p+

Vn ~+(~1mm Li diffused)

: 'Tl'r"*'f&;_'&"t'“’- ] o

p-PCGe : ~kg, threshold ~300 eV
with bulk/surface feature

n- PCGe
[500 g]

n+

>

v
p+(~0.5 pm Boron implanted)

4x5g ULEGe

P+

Proprietary

Implanted
i— Contact

| L Passivated Surface
N+ {Li-diffused) Contact

n-PCGe : ~kg, threshold ~300 eV
without bulk/surface feature

ULEGe : ~q,
threshold ~100 eV
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Challenge for sub-keV G

Trigger, vari
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carefully at sub-keV range. - feviated from noise-Simulation
= T I ST T S T SRS H NS S IR S

* non-linearity had been checked. s

(=]
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0.8 1.4
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Neutrino magnetic moment

Data Data Strength Threshold t, 90% CL Limits (< x10~)
(kg-day) (keV) FEA MCRR.PA
TEXONO 1 kg Ge 570/127.8 12 <74 < 7.4
GEMMA 1.5 kg Ge 755.6/187 2.8 < 2.9 <29
TEXONO Point-Contact Ge 124.2/70.3 0.3 < 26.0 < 26.0
Point-Contact Ge Projected 800/200 0.1 < 1.5 < 1.7
‘.::' L |I.I‘ Reactor Neutrino Spectrum
§3s00 |-
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Csl(TI) 200 kg :

ib)

vikg! Mevh

Rm];n {da

Probe Electroweak Physics [PRD10]

R =[1.08 £0.21 (stat) +0.16(sys)] XRy,,

sin® 8, =0.251+0.031(stat) +0.024(sys)

=
0.02 £ ¥
- g Fission
0.0175 | ---- SM 5
;70 *E
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China Jin-Ping Underground

.,-

= 1 &
Laboratory (CJPL)|cipLa 20T IES

2400+ m rock overburdengdrive-in road tunnel access
6x6x40 m cavern ready [FgloR<aSgBIC,
e J)eepe nderground Lab. b

: ~ Tunnel B

FuanelA T ————

Access tunnel to Hall A =

100m

Hall A
6m(H) X 6m(H) X 40m(L)

Legend: l

DM Lab Hall B

G olagical EfplociionTuntel : For future huge Hall C

¢ Huge Hall
l__'F s e e e = a
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Cosmic flux at CJPL

e 61.7 + 11.7 /(m2-yr) [~8000/(m2-yr) at Gran $assq,  we

~950 /(mZ2-yr) at Homestake]
ref . arXiv:1305.0899

« Consistent with expectation :
10cm-2s-1

= 10-8 of ground level

106 — Depth, meters of standard rock
WIPP o
10° —
SQudan—‘ Kamioka
E : |Tr :‘ @
104 N .
a5 | DUSEL4850 | @ -
= Baksan CJPL
102 1 Sudbury P /
| b O
6000 8000
Y Ra-226 Th-232
(Unit: Barkg) K40 gookevy  (911keV)
Rock Sample < 1.1 1.84£0.2 <0.27
Ground Level ~600 Y ~50

( Beijing )
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Bulk/Surface separation : a better way

k6.2 VV

— k6.2 TV
1.5¢ | 1.5
- a pure Sr region C .
1= P 9 )= a pure Sr region
- - L Srunknown, - <
o o
—0.5:— —0-5:—
e Brunknown: = 15 - Brunknown
= a pure Br region sE ~ a pure Br region
B B e w  aa P T T
- -2 0 2 4 6 8 10 12 14 16

using bulk-ratio and surface ratio to solve the distribution :
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Ge Crystal Growth Facilities at THU

2013.05.02

2014.03.06 /NN 2014.04.18




——

Ge Detector Fabrication at THU

main considerations : cost and cosmic activation



CDEX-1t at CJPL-II

* Best sensitive in the ra gle[-Xelj
10GeV, ~1044cm2

CDEX 1T Experiment in CJPL
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